Increasing crop yield requires an improvement in carbohydrate production by source, which is a key target in breeding of rice (Oryza sativa L.) (Mann, 1999a (Mann, , 1999b . Sink size, another determining factor of yield is given by the product of grain number and weight. In addition to many quantitative trait loci (QTLs), plural genes related to sink size, such as fc1, Gn1 and GS3 have been identified (Ashikari et al., 2005; Goto et al., 2005; Fan et al., 2006; Wan et al., 2006) . It is possible to accomplish huge sink size with this information, but partial development in sink size causes a relatively low supply by source and hence does not impact on yield (Peng et al., 1999; Takai et al., 2005) . Actually, the introduction of a chromosomal segment including GS3 allele did not increase grain yield (Yu et al., 1997; Li et al., 2000; Hua et al., 2002; Xing et al., 2002) . Then, the improvement in source ability is necessary to further increase yield.
The photosynthate produced by a flag leaf is the main source of rice (Cock and Yoshida, 1972; Ishimaru et al., 2007; Takai et al., 2010) . Its ability is mainly determined by leaf area, photosynthetic ability per leaf area and light intercepting characters (Kuroda and Kumura, 1990; Mae, 1997) . Modern rice cultivars have already inhered good light intercepting characters (Taylaran et al., 2009) . Therefore, leaf area and/or photosynthetic ability per leaf area are the main targets for higher source ability (Ujiie et al., 2012) .
The content per leaf area of ribulose-1, 5-bisphosphate carboxylase/oxygenase (Rubisco), a key enzyme in the dark reaction is the main limiting factor of maximum photosynthetic rate per leaf area (Mae, 1997; Harpaz-Saad et al., 2007) . The artificial altering of Rubisco kinetics is hopeless at least by genetic methods, since the study with 25 varieties of Oryza sativa and 21 genotypes including 11 wild type species showed that the overall variation in kinetic constants was little among them (Makino et al., 1987; Mae, 1997) . The ratio of Rubisco to nitrogen content per leaf area is known to be constant in rice leaf. Thus the content of nitrogen per leaf area mimics the maximum photosynthetic ratio via Rubisco content (Makino et al., 1988 (Makino et al., , 1994 Peng et al., 1995; Mae, 1997; Nakano et al., 1997) .
In rice varietal difference, the leaf area was negatively correlated with photosynthetic rate (Oritani et al., 1979) . Many QTLs have been detected for leaf area and nitrogen content per leaf area (Li et al., 1998; Ishimaru et al., 2001a Ishimaru et al., , 2001b Teng et al., 2004; Takai et al., 2005; Yue et al., 2006; Hirotsu et al., 2008) . However, it is not clear whether these QTLs interact with another factor and eventually contribute to source ability or not.
【Short Report】
The aim of this study was to clarify how we can improve rice source ability by a genetic method. We identified chromosome regions affecting a trait (CRATs) for leaf area, one of the main factors determining source ability with two sets of chromosome segment substitution lines (CSSLs) developed from indica landraces Kasalath or Nona Bokra as a donor on the genetic background of a japonica cultivar Koshihikari (Ebitani et al., 2005; Takai et al., 2007) . Additionally, we confirmed their effect on source ability.
Materials and Methods

Plant materials
Seeds of 39 Koshihikari/Kasalath (Ko/Ka) or 44 Koshihikari/Nona Bokra (Ko/NB) CSSLs were sown in a greenhouse in early May of 2008 and 2007, respectively. Seedlings were transplanted into the paddy field in Tsukuba, Japan (latitude 37ºN), in early June, at one plant per hill with a spacing of 18×30 cm. In 2010, selected lines (SL-LA7-1, 2 and 3, and SL-LA11-1 and 2) and Koshihikari were grown. They were seeded and transplanted on 26 April and 25 May, respectively. The other cultivation conditions in 2010 were the same as those in the other two years.
Analyses of characteristics in flag leaf
Flag leaves in three tillers were harvested and measured area from five plants per line at heading. After dried at 80ºC for 3 days, nitrogen content of the aboveground part was measured 3 times with different plants in each line by Kjeldahl method (Bremner and Mulvancy, 1982) . In 2010, the photosynthetic rate and stomatal conductance in a flag leaf were measured at 10 days after heading with a portable gas-exchange system (LI-6400; Li-Cor, Lincoln, NE, USA). The photosynthetic photon flux density was 1,500 μmol m -2 s -1
, leaf temperature was 30ºC, and the reference CO 2 concentration was 370 μmol mol -1 . After measurement of photosynthetic gas-exchange, flag leaves were sampled for physiological analyses separately from samples for leaf area, length and weight. Leaves were immediately frozen in liquid nitrogen and stored at − 80ºC before use. Frozen leaves were divided into several parts and used for measurement of soluble and insoluble protein content, and Rubisco content. The amounts of soluble protein and Rubisco were determined according to the method of Ishimaru et al. (2001a) and Makino et al. (1986) . Frozen leaves were ground in liquid nitrogen to a fine powder and suspended in a buffer containing 50 mM Tris-HCl (pH 7.2). Following centrifugation (12,000 g, 5 min), the insoluble protein concentration was determined by the method of Lowry et al. (1951) with bovine serum albumin as a standard. Total protein content was calculated by the sum of soluble and insoluble protein contents. In the experiment of 2010, measurements of flag leaf area, length and weight were replicated five times. Measurements of the other traits had three replications. Specific leaf area (SLA) was calculated by dividing area by dry weight of a leaf. "Estimated" source ability of a flag leaf was given by the product of leaf area and photosynthetic rate.
Statistical analysis for determining CRATs
CRATs were determined by comparing phenotypes and genotypes of restriction fragment length polymorphism (RFLP: Ko/Ka CSSLs) and simple sequence repeat (SSR: Ko/NB CSSLs) markers (Ebitani et al., 2005; Takai et al., 2007) . A probability level of 0.05 was used as the threshold for detection of a CRAT using the method of Madoka et al. (2008) and Ujiie et al. (2012) . The effect of a CRAT was expressed as a percentage relative to the corresponding value determined in Koshihikari.
Results
Detection of CRATs
Phenotypic variations in leaf area tended to be different in Ko/Ka and Ko/NB CSSLs (Fig. 1) . The leaf area was larger in Ko/NB CSSLs than in Ko/Ka CSSLs. We detected 6 and 9 CRATs for leaf area in Ko/Ka and Ko/NB CSSLs, respectively (Fig. 2) . Four CRATs had positive effects by Kasalath alleles, and 8 by Nona Bokra alleles. Among them, CRATs detected on chromosome 7 and 11, tentatively named LA7 and LA11, respectively, had the strongest effect (Table 1) . LA7 was located between the end of the short arm and RM3670 and its chromosome region was estimated to be 14.1 Mbp. Leaf areas of CSSLs with LA7 (SL-LA7-1, 2 and 3) were 1.4-1.7 times that of Koshihikari (Fig. 3) . Between RM6499 and RM1233, LA11 was mapped and its estimated region was 2.9 Mbp. As compared with Koshihikari, CSSLs with LA11 (SL-LA11-1 and 2) increased leaf area by 38 − 62%.
Physiological and morphological effects of LA7 and LA11
In 2007 and 2010, LA7 significantly increased leaf area relative to Koshihikari and that of SL-LA7-2 was 32 and 33 cm 2 (+50% or +29%; comparing to control), respectively (Figs. 3, 4A ). Comparing to Koshihikari, LA11 increased leaf area by 62% in first year but its effect decreased to 9% in 2010. LA7 made leaf length longer but SLA lower comparing to Koshihikari, while LA11 had no significant effects on these traits (Fig. 4B, C) . Neither LA7 nor LA11 had any significant effect on total protein, soluble protein and Rubisco contents (Fig. 4D-F) . In photosynthetic rate and stomatal conductance, there were no significant differences between CSSLs with LA7 or LA11 and Koshihikari (Fig. 4G, H) . "Estimated" source ability of a flag leaf in SL-LA7-2 was greater than that in Koshihikari (23%; Fig. 4I ), while that in SL-LA11-2 was the same as in Koshihikari. LA7 did not change the nitrogen content in the above ground part at harvest and grain yield as compared with the control (data not shown). In 2007 and 2010, heading dates of SL-LA7-2 and SL-LA11-2 were the same as that of Koshihikari (within ±3 days; data not shown). Ebitani et al. (2005) and SSR markers by Takai et al. (2007) , a probability level of 0.05 was used as the threshold for the detection of a CRAT. b CRAT-dependent changes expressed as percentage change of the value determined in Koshihikari.
part was not (data not shown). These results suggested that LA7 might change the distribution of nitrogen in a plant body and allocate nitrogen to the flag leaf preferentially, which was the key to a higher source ability in the flag leaf.
Six and nine CRATs for leaf area were identified in Ko/ Ka and Ko/NB CSSLs, respectively in 2007 and 2008 (Fig.  2) . In Ko/NB, LA7 and LA11 had the highest effect and increased the leaf area by about 50% increase comparing to control. On chromosome 7, CRAT was identified in Ko/Ka, but this CRAT did not overlap with LA7. In Nipponbare/Kasalath backcross inbred lines, 3 QTLs for leaf area were detected on chromosome 7 (Ishimaru et al., 2001b) . LA7 overlapped with one of them, but this QTL increased the leaf area by Nipponbare allele. The causal allele might differ between LA7 and this QTL. To our knowledge, there was no QTL overlapping with the chromosome region of LA11 in other materials (Li et al., 
Discussion
The results in this study indicated that we could increase a flag leaf area and consequently improve source ability, a key target for higher rice yield using genetic method. Abovementioned in introduction, an inverse interaction has been reported between leaf area and photosynthetic ability per area of a flag leaf in varietal difference (Oritani et al., 1979) . Actually LA11 increased flag leaf area by 9%, but decreased photosynthetic rate by 5%, thus failing to increase the "estimated" source ability of a flag leaf (Fig. 4) . LA7 with Nona Bokra allele increased leaf area by 30% maintaining photosynthetic rate per leaf area, and consequently "estimated" source ability of a flag leaf was 1.2 times higher than that of the control (Fig. 4I) . By the LA7 allele, the amount of nitrogen in the flag leaf was increased as compared with the control, but that in the aboveground 1998; Ishimaru et al., 2001b; Yue et al., 2006) . Therefore, the two CRATs detected here were thought to be unique alleles.
The effect of QTL was strongly influenced by environmental factors (Wang et al., 1999; Li et al., 2003) . Actually, no QTL for rice leaf area was constantly detected in plural years (Yue et al., 2006) . There was a large difference in environmental factors between the year for CRAT detection and for additional test, e.g., mean maximum temperature in 2010 was 5 degrees higher than that in 2007 or 2008 (Web site of Japan Meteorological Agency:www.data.jma.go.jp/obd/stats/etrn/index.php). Comparing to Koshihikari, LA11 increased leaf area by 62% in 2007, but only 9% in 2010 (Figs. 3, 4A ). The effect of LA7 was stable under different environmental conditions, and hence LA7 might be a valuable target for improvement of source ability.
The effects of LA7 on morphological characters were different from those of LA11. LA7 expanded leaf area by increasing both leaf length and width, whereas LA11 increased only the width (Fig. 4A, B) . Additionally, LA7 increased thickness but LA11 did not (Fig. 4C) . In maize and Arabidopsis, different genes determined leaf length and width (Tsukaya et al., 2002; Reymond et al., 2004) . Our results suggested that as in other species, leaf length and width might be determined by different manners in rice. Therefore, we might highly impact on leaf area by combining two alleles for length and width such as LA7 and LA11.
This study indicated that we could improve the source ability of a flag leaf with a superior allele. Regardless of higher source ability, LA7 did not have an impact on grain yield (data not shown). The genes in the neighborhood of LA7 might have a negative effect on yield. In the next step, we will confirm its effect on grain yield after narrowing the region of LA7.
